of the anoxic isolated rabbit heart and accumulated in ischemic myocardium (Sobel et al., 1978; Corr et al., 1979) . They observed that in canine Purkinje fibers, LPC and LPE, in concentrations similar to those in ischemic myocardium, reduced the maximum diastolic transmembrane voltage, the maximal rate of rise of phase 0 depolarization (Vm»J, and the peak overshoot, shifted the membrane responsiveness curve rightward and downward, delayed conduction, shortened the action potential duration, produced post-repolarization refractoriness, and, at times, resulted in unusual types of membrane activity such as afterpotentials, abnormal automaticity, and sustained repetitive responses. Not infrequently, the fibers became unresponsive to extracellular stimulation. On the basis of these findings, these workers suggested that the accumulation of lysophosphoglycerides was of probable importance in arrhythmogenesis. Sobel et al. (1978) and Corr et al. (1979) employed extracellular tissue stimulation and necessarily dealt with phenomenology. In the final analysis, all electrical events result from the flow of ionic currents through the cardiac membrane as mediated by membrane conductances, driving forces, resis-tances at the gap junctions, and other passive and active membrane properties. In this study, we have employed the multiple microelectrode technique of intracellular current application to regulate the transmembrane voltage (V m ) which permits the selective control of numerous electrophysiological variables and allows the quantitative assessment of many of these passive and active membrane properties by means of cable analysis, current-voltage relationships, strength-duration curves, and chargeduration curves. We have previously found these methods to be most useful in assessing the components of excitability in studies concerning arrhythmogenesis and the actions of antiarrhythmic drugs (Arnsdorf and Bigger, 1972 , 1975 Arnsdorf and Friedlander, 197G; Arnsdorf, 1977; Arnsdorf and Mehlman, 1978) . The peculiarities of the effects of LPC on the membrane led us to develop a new measure of V M i as a function of charge that better described the changes occurring during the phase of decreased excitability. The purpose of this study was to investigate the effects of LPC in time on the passive and active membrane properties in cardiac Purkinje fibers using these several techniques that require intracellular current application.
Methods

Experimental Arrangement
Sheep hearts were obtained at a local slaughterhouse. Immediately after the sheep were killed, the hearts were removed, placed in cooled Tyrode's solution, and transported to the laboratory where Purkinje fiber preparations were dissected. A WPI 800 series system was used for timing and stimulation and consisted of an interval generator, preset control, pulse modules, and stimulus isolators. Extracellular stimulation was accomplished through a pair of Teflon-insulated silver wires applied to the preparation. Intracellular current application was through glass microelectrodes filled with 2 M potassium citrate (8) (9) (10) (11) (12) (13) (14) (15) . The transmembrane voltage (V m ) recordings were made with glass microelectrodes filled with 3 M KC1 (10-30 Mfl). The bath was kept at virtual ground using a Tektronix type 0 operational amplifier which also produced a voltage signal proportional to the current collected by an agar bridge (5% agar, 3 M KC1), silver-silver chloride bath ground. The V m was amplified by a high impedence and variable capacity neutralization amplifier (Picometrics 181, Instrumentation Laboratories). The signals were displayed on a dual beam Tektronix oscilloscope. A Norland 3001 system converted the analogue signals to a digital format and was used both to analyze data and to store information on magnetic discs. Photographic recordings were made of both the analogue and digitized signals.
The composition of the Tyrode's solution was (millimolar concentrations): NaCl, 125; NaHC0 3 , 22; NarfcPO*, 2.4; MgCl 2 , 1.05, CaCl 2 , 1.8; dextrose, 11; and KC1, 4.0 or 5.4 as specified (pH 7.30-7.34 ). The Tyrode's solution was equihbrated with 95% Oand 5% CO 2 . The perfusion rate in the tissue bath was 8 ml/min and the bath temperature was maintained at 35-36° C.
Synthetic 1-palmitoyl lysophosphatidylcholine (LPC) (Sigma Chemical Co.) was dissolved in Tyrode's solution. Unidimensional thin layer chromatography (TLC) was performed to assess the purity of the synthetic LPC. The TLC was performed on silica gel G plates with the following solvent: chloroform, 50 ml; methanol, 30 mL acetic acid, 8 ml; and water, 4 ml. After 30 minutes, the plate was developed with Rhodamine 6 G. The manufacturer's specification of 98% purity was confirmed. The 2% contaminants in the final concentration employed could not account for electrophysiological actions (Corr et al., 1979) . We found the action of synthetic LPC dissolved in Tyrode's solution to be about 30 times that of the albumin-bound LPC prepared according to the method of Corr et al. (1979) . Snyder et al. (1979) report about a 10-fold difference between free and albumin-bound LPC. Our "low" [LPC] o range of 10 to 20 JUM (see Results) would be approximately equivalent to 0.3 to 0.6 raM of the albumin-bound LPC.
Cable Analysis and Current-Voltage Relationships
For cable analysis, small hyperpolarizing constant currents were applied intracellularly through a glass microelectrode positioned near the ligated or cut end of a long (>3 A) unbranched Purkinje fiber. The current was 100 msec in duration and of sufficient strength to produce a 4-8 mV change in V m at a recording microelectrode located within 100 jum of the stimulating microelectrode. The transmembrane current collected by the bath ground was termed Io. One or more additional microelectrodes were positioned at various distances along the Purkinje fiber. Interelectrode distances and the dimensions of the Purkinje fiber bundles were measured by a dissecting microscope equipped with an ocular micrometer. V o , the transmembrane voltage at the site of the application of the stimulus, was determined by plotting V m on a logarithmic scale vs. interelectrode distance (x). The data were subjected to linear regression analysis (least squares method), and the resultant line was extrapolated to x = 0 to determine V o . The membrane length constant, A m , was defined as x at which V m = e~' V<,. Using A m , the estimated fiber radius, and the d.c. input resistance (V 0 /Lj), the specific membrane resistance (Pim) and the specific longitudinal resistance (R,) were calculated (Weidmann, 1952) . The membrane time constant T O , was calculated from the change in V m after current onset of the small hyperpolarizing pulse by noting the time at which the change in V m had reached 84% of its final value (Hodgkin and Rushton, 1946; Fozzard and Schoenberg, 1972; Fozzard, 1979 lationships, the stimulating and recording microelectrodes also were within 100 /im of each other.
Strength-Duration and Charge-Duration Curves
The threshold voltage (Vth) was defined as the maximal just-subthreshold V m response recorded by a microelectrode in close proximity (<100 fim) to the stimulating microelectrode (Fozzard and Schoenberg, 1972; Bigger, 1975,1976) . Both microelectrodes remained in the same position throughout the experiment. Although a change in A m induced by LPC would introduce some error in the determination of Vth, the close proximity of the stimulating and recording microelectrodes would limit this error to less than 0.5 mV over a 100-^m distance, as can be deduced from cable analysis (Amsdorf and Bigger, 1976) .
Strength-duration curves were analyzed in both a nonnormalized form, where the recorded current required to attain threshold (Ith) is plotted as a function of the current duration (t), and in a normalized form, Ith/Irh vs. t/T m , where Irh is the rheobasic current. Charge-duration curves were also assessed in both the nonnormalized form (Qu, vs. t where Qu, is the charge threshold) and the normalized form (Qth/Irh T m vs. t/T m ). Normalization of the curves minimizes the differences in the shape of the curves caused by altered passive membrane properties but does not obscure changes in active generator properties (Dominguez and Fozzard, 1970; Fozzard and Schoenberg, 1972; Bigger, 1975, 1976) . The implications of such normalization for the long Purkinje fiber are considered further in the Discussion.
Vmax vs. Charge
Early in the course of our experiments, it became apparent that LPC caused V mu to vary more markedly as a function of charge than it had in the normal control tissue. To express this, we plotted V™, as a function of charge at t = 100 msec when the voltage signal that was differentiated was recorded by a microelectrode located within 100 j»m of the stimulating electrode.
Limitations of Methods
Certain assumptions underlie cable analysis as performed with point stimulation in the sheep Purkinje fiber: (1) membrane resistance is ohmic for small hyperpolarizations, (2) the myoplasmic resistance is ohmic, (3) the membrane capacity is a perfect dielectric, (4) the longitudinal current flow is uniform across the cross section of the cable, (5) the solution outside the cell is large so that its resistance may be considered negligible, and (6) the cable can be modeled as a right cylinder. These simplifying assumptions allow the use of one-dimensional cable analysis. The geometry and membrane characteristics of ungulate Purkinje fibers are relatively favorable in terms of these assumptions. Nevertheless, the most serious deviation from this simplified theory results from complex cardiac ultrastructure. Nonhomogeneity of charge during point stimulation has been recognized since the early studies of Weidmann in ungulate Purkinje fibers of several species (1952, 1955a,b) . Fozzard (1966) found the equivalent membrane circuit to contain not only a resistance and capacitance in parallel, but also a resistance in series with capacitance. The Purkinje strand is made up of many cells that are separated by narrow intercellular clefts (Sommer and Johnson, 1968; Mobley and Page, 1972; Hellam and Studt, 1974) . These clefts may be the source of the series capacitance. Freygang and Trautwein (1970) also suggested that the intercalated discs might be a capacitative component in a longitudinal direction. The gap junction is known to be the primary determinant of Ri. Mobley and Page (1972) studied Purkinje fibers of about 100 jim and found that the cleft membrane accounted for about 80% of the total surface membrane with the total surface area being some 10 to 12 times greater than that calculated from the assumption of a smooth cylindrical cable. Schoenberg et al. (1975) used a more complex model based on the ratios provided by Mobley and Page and discussed in some detail the differences in cable properties depending on the assumed geometry. Despite this, the internal membrane of the passive Purkinje fiber is accessible to charge injected at the surface, and for a 100-jtm fiber the charging time constant is 1 to 2 msec and the d.c. length constant for the clefts appears to be in the order of 100 pm (Schoenberg et al., 1975) . Perhaps the rapidity of the charging time and the magnitude of the length constant as compared to the diameter of the column is the reason that experimental observations have been fit so well by the simplified theory except for extreme cases, such as for stimuli of short duration. Correction for a finite length of cable resulted in a change in values of less than 1%. Since this is smaller than the measurement error, it was omitted. The successful and useful description of experimental results using such simplified theory has been demonstrated in both physiological (Weidmann, 1952; Fozzard, 1966; Dominguez and Fozzard, 1970; Fozzard and Schoenberg, 1972; Schoenberg et al., 1975; among others) and pharmacological studies (Arnsdorf and Bigger, 1972 , 1975 Arnsdorf and Friedlander, 1976) . Potassium accumulation and depletion in the extracellular clefts has been documented during voltage clamping (Baumgarten and Isenberg, 1977; Baumgarten et al., 1977) . The error introduced by this type of change is uncertain.
The limitations of the analysis of strength-duration curves are well known (Noble and Stein, 1966; Dominguez and Fozzard, 1970; Fozzard and Schoenberg, 1972; Arnsdorf and Bigger, 1975, 1976) . Despite the limitations caused again largely by tissue geometry, mathematical modeling in the long Purkinje fiber can be described quite well by the Lapicque equation, which is based on a simple one time constant model (Dominguez and Fozzard, 1970; Fozzard and Schoenberg, 1972) . In the long Purkinje fiber, however, solution of the Lapicque equation as well as calculation of the liminal length depends on an extrapolation of charge threshold to t «= 0, and the calculation may be in error by a factor of two in either direction (Fozzard and Schoenberg, 1972) . Therefore, the large potential error prevents the use of the Lapicque equation or the liminal length in assessing the effect of an intervention.
Directional data, of course, are valid. The absolute differences in the experimental estimates of membrane properties result from differences in the assumptions, models, and structural analysis. The power of these techniques in detecting the determinants of biphasic changes in excitability has been demonstrated in studies on the effect of altering the extracellular potassium concentration (Dominguez and Fozzard, 1970) , on the actions of procainamide (Arnsdorf and Bigger, 1976) , and, we believe, in the present study.
Statistical Analysis
Means, standard deviations, and the t-teBt for paired samples were determined by usual statistical methods (Snedecor and Cochran, 1967) ,
RESULTS
General Comments
"Low" and "High" Concentrations ofLPC
If no electrophysiological change was observed at [LPC]o of 10 /IM by 1 hour, 20 /IM was applied. One of these concentrations invariably produced a consistent initial electrophysiological change that included an increase in R m and a slight decrease in Vnu without a change in either V r or V^,. Although the initial electrophysiological change was consistent, the time course of action varied from preparation to preparation. When an effect was noted, it was usually between 10 and 30 minutes after the initiation of superfusion with LPC. At [LPC] 0 of 40 fiM or more, the change was less consistent. In the text, we have termed the [LPC] 0 of 10 or 20 ^IM at which the initial consistent membrane changes were seen a "low" concentration and an [LPC] 0 of 40 fiM or more a "high" concentration.
The Quasi-Steady State
After exposure to LPC, the membrane was not in a true steady state, as evidenced by a progressive change in electrophysiological properties with time. 
Cable Analysis
Cable analysis was performed for nine preparations. In the seven in which 1^ and V^, were determined, low [LPC] O led to an initial decrease in I r h without a change in V r or Vth (experiments Ll-7) in Tables 1 and 2 . Low [LPC] O consistently increased Rm (P < 0.010) and R, (P < 0.013). The relative change in R,,, and Ri was responsible for the direction of change in A m since (Am = vVmAi). A m increased in all but one experiment (L2) at low [LPC] O (P < 0.018). V e /L> also increased with a P < 0.039. VOL. 49, No. 1, JULY 1981 Although V0/Io increased in all experiments, the increase in Ri caused the rise in V o /Io to be less marked than might have been anticipated from the change in Rm. T m also increased (P < 0.010). C m was calculated and was either unchanged (L5), increased (L2, L6), or decreased (LI, L3, L4, L7-L9). An initial decrease was noted in g m in all experiments (P < 0.002), and g m for small hyperpolarizing currents approximates g m . The cable values returned to or near the control in 30-120 minutes after LPC supervision was discontinued in the three experiments so tested. Fibers LI, L4, and L6 were exposed to a high [LPC] O . At a high [LPC] 0 modest increases in V o / Io, Rm, and A™ were maintained in the face of marked alterations in active membrane properties. In only one experiment (LI) did R m drop below the value obtained previously at a low [LPC]<>, but it remained higher than in the control. In the two other experiments, R m was either unchanged or increased. At high [LPC] O , V r was maintained near the control value, and we observed neither a nonspecific leakiness of the membrane nor complete cellular uncoupling as evidenced by a maintenance of R m and Ri, respectively, at values near that observed at low [LPC] O under the conditions of this study.
Strength-Duration, Charge-Duration, and Current-Voltage Relationships
Strength-duration and charge-duration curves were determined before and after exposure to LPC in 4 of the fibers (LI, L3, L6, L10 in Table 2 ) that showed an initial decrease in 1^, and an increase in Rm -This phase of increased excitability could be well-characterized by strength-duration and charge-duration curves. The phase of increased excitability was followed by one of decreased excitability. This latter phase was characterized by an increased current or charge requirement for the attainment of threshold. 
V, (mV) Figures 1-4 . As seen in Figure  1 , A and B, at t = 100 msec [LPC] O of 20 usi produced no change in V r or V t h but decreased I r h from 49 na to 36 na (-27%) and V^, from 624 V/ sec to 544 V/sec (Table 2 ). Referring to the upper portion of Figure 2A , V th remained constant for all current durations before and after LPC exposure. As compared to the control the nonnormalized strength-duration curve (In, vs. t) was shifted downward after [LPC] 0 of 20 /iM, indicating that less current at a given duration was required to reach threshold (lower portion of Figure 2A) ; that is, the tissue was "more excitable" in classical terms. At t < 60 msec, the two curves began to converge. Two sets of measurements in Table 2 pared to the control at t = 100 msec. In the four experiments in which such data were available, the nonnormalized strength-duration curve was shifted downward by about 20% (P < 0.048). It is of note that Vn,, had decreased in these experiments without any significant change in V r and V th . Excitability, then, increased despite a depressed sodium system as reflected by the reduction in Vm«, suggesting that altered passive rather than active membrane properties were primarily responsible for the decrease in current requirements.
The strength-duration curves in Figure 2A were normalized (Iih/Irti vs. t/r m ) and appear in Figure  2B . The normalized strength-duration curves for the control and [LPC] 0 of 20 /IM were essentially superimposable at values of t/r m of 1.25 or more. At values of less than 1.25, the curves diverged with the LPC curve, as compared to the control, showing a steeper rise for short stimuli. To compare these observations with those of other experiments, we analyzed the direction the normalized strength-duration curve shifted at t/r m 0.5 and 5.0, reflecting normalized points for stimuli of short and long duration, respectively. As in experiment Ll, the curves at t/r m of 0.5 diverged (% change «= +33.3; P < 0.046) whereas those at 5.0 were virtually superimposable (% change = +1.9, NS) ( Table 2 ). As explained in the Discussion, normalization minimizes the differences in the shape of the curve caused by altered passive membrane properties, but does not obscure and may even enhance those changes caused by altered active generator properties. The normalized curves, then, further suggested that increased excitability after low [LPC] O was due primarily to altered passive membrane properties, but that rather prominent changes in the sodium system favoring decreased excitability were already present for short duration stimuli despite the rather small reduction in the Vma* of the propagated action potential.
The nonnormalized charge-duration curve (Q tri vs. t) for fiber Ll is seen in Figure 3A which was shifted downward by [LPC] 0 of 20 /XM, indicating that the charge requirement for threshold was decreased over a wide range of current durations. Normalization of the charge-duration curve (Qth/Irh T m vs. t/T m ) showed the relationship for the control and [LPC] O of 20 JUM to be identical over approximately the same range as noted for the normalized strength-duration curve, but that the slope of the LPC curve changed at a value for t/T m longer than for the control. For the shorter duration stimuli, the LPC curve had a higher normalized charge threshold than the control. Similar results were seen in all the experiments. The interpretation of these charge-duration curves is much the same as for the strength-duration curves: the decreased charge threshold results from altered passive membrane properties and is responsible for the increased excitability, but an oppositely directed change in excitability is also present that results from alteration in the active membrane properties. The net increase (msec.)
FIGURE 3 Nonnormalized (panel A) and normalized (panel B) charge-duration curves in the control period and after (LPC] O of 20 JIM. Experiment LI. See text for discussion.
in excitability reflects the balance between the altered passive and active membrane properties.
Characteristics of the Altered Passive Properties.
We performed both cable analysis and currentvoltage relationships in fiber LI (see Table 1 (Tables 1 and 2) . Analysis of the current-voltage relationship requires some comment. The long Purkinje fiber can be considered as a infinite cable, and the relationship suggested by Cole and Curtis (1941) in nerve can be applied to the heart (Hall et al., 1963; Arnsdorf and Bigger, 1972; Arnsdorf and Friedlander, 1976) , thereby providing an estimate of current density (i m ) where i m is approximated by I (dl/dVni). The current, I, can be measured directly and dl/ dV m can be determined from tangents constructed to the curve of the V m vs. I plot (Fig. 4A) . V m is plotted as a function of i m in Figure 4B . This calculation corrects mathematically for cable properties that tend to "smooth out" current-voltage relationships and allows for approximation of a uniform depolarized membrane resulting in an accentuation of the membrane current-voltage relationship. The negative slope in panel B probably represents inward rectification, although possibly the contribution of inward currents is increasing as threshold is approached. Membrane slope conductance (G m ) can be estimated from the relationships G m = dI/dV m in panel A or dim/dV m in panel B.
As seen in Figure 4A , neither V r nor Vth was affected by [LPC] O of 20 /AM. Note in both panels that, after exposure to LPC, the curve became steeper and was shifted to the left for depolarizing currents, the two curves crossed over, and a given
A -30
hyperpolarizing current produced a larger V m deflection. This reflects a decrease in slope conductance or an increase in its reciprocal, slope resistance. Identical curves fit both the control and LPC situations in both panels, suggesting that the current-voltage nonlinearities were little changed. The membrane chord conductance can be estimated by constructing a tangent to the V m vs. i m plot at i m = 0 (the dashed lines in Figure 4B ). The ratio of chord conductances (LPC/Control) would be 1.22 using this method. The ratio of conductances based on cable analysis for LPC/Control would be 1.19. The agreement is quite close. Current-voltage relationships in different preparations showed low [LPC] O to decrease chord and slope conductances and to have little effect on the nonlinearities of the curves.
Phase of Decreased Excitability
Strength-and Charge-Duration Curves. In experiment Ll, an increase in [LPC] O from 20 to 45 JUM decreased excitability. V r remained at -79 mV, Vth became less negative at -49 mV, V m «x decreased to 224 V/sec, and Io, increased to 59 na (Fig. 1C) . The nonnormalized strength-duration curve at [LPC] O of 45 fiM was shifted upward above the control curve ( Fig. 2A) (Fig. 2B) , suggesting that altered active generator properties were the primary determinants in decreasing excitability. The upward shift in the nonnormalized charge-duration curve (Fig. 3A) and the failure of the normalized charge-duration curve to superimpose on the control and [LPC] O of 20 /IM curves (Fig. 3B) can be interpreted in the same manner as the strength-duration curves. As seen in Figure ID, V m H as a Function of Charge Vmax vs. Q was assessed for intracellularly applied currents of 100 msec duration before and after LPC. The V^ as determined from a V m recording at a microelectrode located within 200 piM of the stimulating electrode was always leas than that for a propagated action potential that had been elicited by a spatially remote extracellular electrode. In the control situation, the relationship between V^ and Q could be described by a smooth curve (Fig. 5, A  and B) . The values for La,, AV (i.e., Vth-V r ), and Rn, are included in the insets. In experiment LI (Fig.  5A ), [LPCJ, of 10 and 20 / XM enhanced excitability, little affected V, or Vu, (and hence the difference, AV), and increased Rm. At 10 fiM, the peak Vma, was little changed as compared to the control, but the curve was shifted to the left. At 20 JIM, the curve was shifted downward, the range between the highest and lowest values of Vm^ increased, and the tissue was capable of generating action potentials with a much slower rate of rise of phase 0 as compared to the control. At [LPC]o of 45 pi M during the phase of decreased excitability, the curve was flatter, shifted even further downward, and now was displaced to the right. In experiment L3 (Fig.  5B) , [LPC] 0 of 10 ^M decreased Iu,, did not change V r or Vm, and increased Rm. Despite the increase in excitability, the curve was shifted downward and was flatter as compared to the control.
Changes in Repolarization and
Refractoriness
Several types of changes in repolarization were noted including: (1) a modest shortening of the action potential duration (APD), (2) a sudden and dramatic shortening of the APD, (3) lengthening of the APD, (4) the establishment of two stable and quiescent steady states, one at a relatively normal V r and the other at a low V m , (5) the establishment of a single quiescent steady-state at a low V m , and (6) sustained rhythmic activity at a low V m in tissues with either two steady states or a single steady state at a low V m .
Modest Shortening of the Action Potential Duration
At Si-S] = 1000 msec, we saw a modest shortening in the APD W or APD90 only infrequently after low [LPC] O (Table 2) . High [LPCJ, had varying and inconsistent effects on the APDso and APD90 (Table  2) .
Sudden and Dramatic Shortening of the Action Potential Duration
On occasion, action potential duration shortened suddenly and dramatically after LPC (Fig. 6 ). In the control situation (Fig. 6A) , the V r was -79 mV and the APD was 450 msec at S1-S1 = 1000 msec. After [LPC] O of 45 JUM, V r was unchanged but the APD90 shortened to 133 msec (Fig. 6B ) and the preparation could be driven very rapidly at a basic A. Si-Si cycle length of 150 msec (400 beats/min) (Fig.  6C ). This increase in excitability was due to decreased refractoriness. Despite the rapid rate, the APD shortened by only 8 msec as compared to that observed at an Si-Si interval of 1000 msec. Thirty minutes later (Fig. 6D) , conduction disturbances occurred. At a Si-Sj-cycle length of 160 msec (375 beats/min), the time between the stimulus and the response progressively increased, and the duration between the responses (R-R interval) decreased slightly but measurably prior to the blocked beat suggesting a Wenckebach structure. Ultimately, the tissue developed a single steady state at a low V m (Fig. 6E) which is discussed below.
vs. charge (Q) relationships at t -100 msec in experiments LI (panel A) and L3 (panel B) for the control period and after the application of LPC as indicated by the symbols in the inset
Lengthening of the Action Potential Duration
Frequently, APD progressively lengthened, particularly at lower [K + ] o . An example is seen in Figure 7 . In the control situation at the [K + ] o of 4 HIM, the APD90 was 295 msec (not shown), and 60 minutes after the application of [LPC] o 20 ftM the V r remained at -75 mV, but the APD90 increased to 628 msec (Fig. 7A ). While superfusion with LPC was continued, [K + ] o was increased to 5.4 mM resulting in a slight depolarization in V r to -71 mV and the progressive shortening of the APD to 285 msec (Fig. 7B) .
Two Stable and Quiescent Steady States
The use of intracellular current application allows the identification of fibers with two stable steady states such as that depicted in Figure 8 . In the control period, V r was -87 mV and the APD90 was 285 msec (Fig. 8A) . Thirty minutes after [LPC] O of 20 fiM, a single stimulus initiated a sodium-dependent phase 0 and a normal phase 1 repolarization, but the tissue failed to undergo a normal phase 2 and 3 repolarization (Fig. 8B) . The preparation had two stable and quiescent steady states: one at a V r of -70 mV and the other essentially the plateau potential. An intracellularly applied hyperpolarizing current of 12 na enabled the attainment of the repolarization "threshold" with a return to V r (Fig. 8B) . Stimulation at V r produced a propagated action potential; stimulation at the low V m steady state produced only local electrotonic responses and no propagated action potentials. In this case, inexcitability resulted from a failure of normal repolarization.
Single Quiescent Steady State at a Low V m
We have already mentioned that the phase of decreased excitability may culminate in the sudden depolarization of the preparation from an essentially normal V r to a single quiescent steady state at a V m of -30 to -40 mV as in Figure 6E . Note the failure of an intracellularly applied hyperpolarizing current to return the preparation to a higher steady state potential at the previous V r . Once the preparation had developed a single quiescent steady state, neither an increase in [K + ]o nor the application of lidocaine normalized the action potential. In an occasional fiber, the washout of LPC resulted in a return to the baseline action potential.
Sustained Rhythmic Activity
Spontaneous sustained rhythmic activity was frequently observed both at a high and low V tt . An example of such activity in a single preparation at [K + ] o of 4.0 mM after the application of [LPC] o at 30 mM is seen in Figure 9 . Comparing panels A and C in Figure 9 , V m d became progressively less negative with time from -60.0 to -47.8 mV; the peak overshoot decreased from 11.1 to 9.1 mV; the APD increased from 1750 to 1875 msec; and the spontaneous cycle length decreased from 3200 msec ( attaining threshold with the development of an action potential. During the repolarization phase, an afterpotential arises from a low V m of -20 mV that is of sufficient amplitude to produce an action potential after which the cell returns to the original Vmd and the sequence begins anew. In panel E the sequence consisted of slow diastolic depolarization from a V m d of -33.7 mV, a subthreshold oscillation, and three action potentials arising at a low V m . The rhythmic activity resembled Wenckebach periodicity with a group of four beats having a decreasing peak to peak interval (180,136, and 128 hundredths of a second) separated by a pause (201 hundredths of a second) that was shorter than the sum of any two of the preceding intervals. In this case, the pause was due to a markedly differing membrane activation voltage that, in turn, resulted from differences in the afterhyperpolarizations. In panel F, the rhythm was regular at a cycle length of 1320 msec (45 beats/min) and arose from a Vmd of -16 mV. During the washout of LPC (panels G-I), the sequence of A-F was reversed. Stimulation at a SiSi cycle length of 1000 msec suppressed the spontaneous membrane activity which reappeared with the cessation of pacing. Approximately an hour after washout (panel I), the sustained membrane activity terminated with the failure of a delayed afterdepolarization to attain threshold.
At times, we observed such membrane activity to be triggered by an electrically induced action potential. At other times, such activity arose in a fiber that previously was quiescent at a low V m . Discussion Corr et al. (1979) reviewed in this journal the similarities between the electrophysiological changes they observed after lysophosphoglycerides and those known to occur with myocardial ischemia. The temporal and phenomenological parallels are quite striking, and it is reasonable to suppose that the accumulation of lysophosphoglycerides and perhaps other toxic metabolites in the ischemic myocardium may be an important factor in the genesis of ventricular arrhythmias. We observed the phenomenological changes reported by Sobel et al. (1978) and Corr et al. (1979) as well as a number of previously unreported electrophysiological changes. Further, our methods of intracellular current application and V m recording allowed the assessment of the components of excitability. We observed LPC to produce changes in excitability dependent on the balance between altered membrane passive, active generator, and repolarization properties, as well as on the development of sustained rhythmic activity.
Biphasic Alterations in Excitability
Reflecting a Change in the Balance between Passive and Active Membrane Properties Sobel et al. (1978) and Corr et al. (1979) reported generally a decrease in normal excitability with time (see introductory paragraphs). We commonly observed a biphasic change in excitability as assessed by measurements of Ith, strength-duration curves, and charge-duration curves: namely an increase followed by a decrease. Increased excitability resulted primarily from altered passive membrane properties; decreased excitability primarily from decreased membrane active generator properties.
The passive resistance-capacitance (RC) properties of the cardiac membrane determine in part the amount of membrane that must be raised above threshold to provide local circuit current sufficient to elicit an action potential: a quantity that has been termed the "liminal length" by Fozzard and Schoenberg (1972) . An alteration in Rm (or its reciprocal, membrane conductance, g m ), tends to produce changes of the same magnitude in Ith, Irh, and T m (Nobel and Stein, 1966; Dominguez and Fozzard, 1970; Fozzard and Schoenberg, 1972; Arnsdorf and Bigger, 1975, 1976) . The primary determinant of g m in the subthreshold range is the voltage-dependent potassium conductance (gK,). In the normalized strength-duration and charge-duration curves, changes in excitability due to altered Rm properties tend to cancel each other out, resulting in the superimposability of the normalized control and test curves. The phase of enhanced excitability after the application of LPC was characterized by a downward shift of the nonnormalized strength-duration ( Fig. 2A) and nonnormalized charge-duration (Fig. 3A) curves. Normalization of these curves (Figs. 2B and 3B) resulted in superimposability for all but short duration stimuli. The change in passive properties that seemed primarily responsible for the phase of increased excitability was an increase in R m (=i/g K| ) in the presence of an essentially unaltered V r and Vih-In some experiments, we observed changes in Ri and in Cm. The increase in Ri probably reflects some electrotonic uncoupling at the gap junction, perhaps due to calcium loading. C m was a calculated value and the meaning of the change is uncertain, but may reflect some alteration in the structure of the lipid bilayer. The failure of superimposablity for short duration stimuli suggested that altered active membrane generator properties which would tend to decrease excitability existed at the same time as the altered passive membrane properties. This was reflected by some depression in Vmj, even during the phase of increased excitability.
The shape of the normalized strength-duration curve can be altered by changes in current-voltage nonlinearities (Noble and Stein, 1966) , in the maximal sodium conductance and the voltage-dependent activation and inactivation variables (Noble and Stein, 1966) , and in the liminal length and its determinants (Fozzard and Schoenberg, 1972) . We found the current-voltage nonlinearities to be little influenced during the phase of enhanced excitability induced by LPC (see Fig. 4 ). We are less certain about the nonlinearities during the phase of decreased excitability since, frequently, V r and Vtt, changed. Without doubt, LPC caused profound changes in the sodium channel or in its control. In the phase of enhanced excitability, the decreased current and charge requirements to attain threshold could be explained by the increase in Rm. As noted above, the failure of the normalized strength-duration and charge-duration curves to be superimposable for short duration stimuli suggested depression of active generator properties even in the presence of increased excitability. In the phase of decreased excitability, however, V r was frequently unchanged, R m was normal or even somewhat increased as it had been in the phase of increased excitability, yet the sodium system seemed to be partially or at times completely inactivated. The maximal sodium conductance may have been decreased either by. blockage of the sodium channel by LPC (possibly in a manner analogous to tetrodotoxin) or by some geometric change in the channel itself. Since there was no change in V r , the usual type of voltagedependent inactivation of the sodium system could not be invoked. When this recording microelectrode was placed within 100 /un of the stimulating microelectrode, we observed a graded response in Vmai as a function of charge (Fig. 5 ). This reflects a modification of the sodium current through a chargedependent change of the activation or inactivation variable analogous to those included in the limirml length.
In the occasional experiment where V j^ was sufficiently consistent over a wide range of current durations to permit construction of reliable strength-and charge-duration curves during the phase of decreased excitability, the normalized strength-and charge-duration curves failed to be superimposable on the control curve (Figs. 2B and 3B). Again, this reflects significant alterations in the active generator properties of the membrane. Corr et al. (1979) employed membrane responsiveness as an index of cardiac excitability. This is defined as the relationship between the V m at the time of activation of a premature depolarization elicited during phase 3 of a basic driven action potential, and Vnun of the premature depolarization. These authors clearly observed the state of decreased excitability. The failure of these investigators to observe the state of increased excitability reflects the insensitivity of this technique, since changes in the components of excitability are more readily reflected by current measurements than by assessment of electronically differentiated V m signals. Indeed, we often observed Vmm to be decreased during the phase of enhanced excitability.
Repolarization and Excitability
Categories of Effect
The influence of repolarization on excitability has been discussed recently in some detail (Arnsdorf, 1977; Arnsdorf and Childers, in press) . Changes in repolarization due to LPC that could influence cardiac excitability can be considered con-veniently in several major categories: (1) shortening or lengthening of the APD which in ischemic tissue would result in the dispersion of refractoriness, (2) persistent inactivation of the sodium system after phase 3 repolarization, (3) marked shortening of the APD that would decrease the time required for reactivation of the sodium system, and (4) the failure of normal repolarization such as tissues with a marked prolongation of the APD, tissues with two stable steady states (one at an essentially normal V r , the other at a low V m approximating the plateau potential), and tissues with a single steady state at a low V m . Such a failure of normal repolarization would be conducive to reentry, may result in inexcitability, and, at times, may facilitate the appearance of abnormal sustained membrane activity. Corr et aL (1979) commented on the heterogeneous alterations in action potential repolarization caused by lysophosphoglycerides. They noted at times a dissociation between the shortening of the APD and the lengthening of the effective refractory period (ERP) which resulted in refractoriness after phase 3 repolarization. These observations would fall into categories (1) and (2) above. In addition, we observed not infrequently a prolongation of the APD which would also tend to disperse refractoriness. This may have been due to LPC or perhaps due to the hydrolysis of LPC to glycerophosphorylcholine (GPC), which is known to increase the APD (Corr et al., 1979) .
LPC at times caused the APD and ERP to suddenly shorten, thereby allowing the preparation to be stimulated extracellularly at a very rapid rate (see Fig. 6 ). In contrast to category (2), this action of LPC increased membrane excitability by decreasing the time required for reactivation of the sodium system. This permitted the preparation to follow stimulation at rates that would be analogous to ventricular flutter clinically.
In the tissue bath, a low V m most commonly results from the resting transmembrane voltage (V r ) being less negative than normal. A low V m , however, can result from the failure of normal repolarization. At a low V m , the sodium channel is inactivated due to the closure of the kinetically slow h gate, the driving force for Na + is reduced, the slow inward current (L) is relatively constant, K + accumulates in the extracellular clefts, and the propagation of impulses either ceases or is slow in the event that depolarization becomes dependent on i,o (Trautwein, 1973; Cranefield, 1975; Baumgarten et al., 1977; Baumgarten and Isenberg, 1977; Gadsby and Cranefield, 1977; Fozzard, 1977; among others) . In some fibers, LPC caused the action potential to become quite long (Fig. 7) ; in others, two stable steady states resulted (Fig. 8) , and in yet others, a single steady state developed at a low V m (Fig. 6E) . The repolarization process is complex, but changes in either u, or in the outward K + currents could cause such changes. The present study does not elucidate the cellular mechanisms, but the wide variety of changes observed in the current-voltage studies, cable analysis, and shape of the action potential suggests that both the slow inward and potassium currents are influenced by LPC. The failure of normal repolarization in category (4), then, could result in decreased excitability, the absence of excitability, or, as will be discussed below, abnormal excitability due to the appearance of sustained rhythmic membrane activity.
Normalization of the Action Potential
Tissues with a prolonged APD or with two stable steady states resulting from a failure to reach the repolarization threshold could at times be normalized by increasing [K + ] o concentration or by the application of lidocaine.
Increasing [K + ] o increases membrane potassium conductance which would increase the outward repolarizing K + current and favor the attainment of the repolarization threshold, the completion of phase 3 repolarization, and a return to V r . Conceivably, the accumulation of K + in the ischemic area may help counter some of the electrophysiological actions of compounds such as LPC. Indeed, the accumulation of K + during ischemia may very well result, in part, from the derangements of the membrane induced by compounds such as LPC.
Abnormal Sustained Rhythmic Activity
Sustained rhythmic activity may follow electrically induced or spontaneous action potentials at virtually all levels of V m . The mechanisms involved in the generation of such rhythmic activity are not fully understood. Hauswirth et aL (1969) suggested that oscillations at a low V m were due to changes in the outward repolarizing current which in the presence of inward background currents resulted in variations of the net inward current. Cranefield (1975) suggested that i& is of importance to the initiation and maintenance of such sustained rhythmic activity. The oscillations probably represent a feedback system that involves the various depolarizing inward and repolarizing outward currents as well as the accumulation and depletion of K + in the clefts. Normalization of the action potential by increasing [K + ] o could eliminate such membrane activity at low V m .
LPC also could induce automaticity at higher levels of V m . This had been observed by Corr et al. (1979) . This activity was enhanced by low [K + ] o , was common at a [K + ] o of 4.0 ITIM, and was only occasionally seen at a [K + ] o of 5.4 mM. Whether this enhanced activity was due to an altered balance between inward sodium and outward potassium currents or whether it might reflect the activity of a current similar to that termed the transient inward current (Lederer and Tsien, 1976; Kass et al., 1978) could not be answered by the present study.
Clinical Implications
As mentioned, Corr et al. (1979) have reviewed the similarities between their observations on the VOL. 49, No. 1, JULY 1981 electrophysiological effects of lysophosphoglycerides and the electrophysiological events that result from ischemia. Our observations extend the potential explanations regarding the appearance of abnormal heart rhythms in conditions where lysophosphoglycerides accumulate. We observed that increased and decreased cardiac excitability resulted from alterations in passive properties, in active generator properties, in repolarization, and in currents relevant to different types of sustained membrane activity. It is reasonable to assume that these events in the tissue bath have their counterpart in clinical experience. The complexity of the biochemical and electrophysiological events due to the accumulation of lysophosphoglycerides is only beginning to be understood, but future therapy may be directed toward the control of such toxic metabolites of ischemia.
